Abstract. We present results of the investigation of secondary electron emission from spherical amorphous carbon grains of 3 to 6 micrometers in diameter affected by a high surface field. In our experiment, we have applied a technique based on levitation of a single charged grain in the quadrupole trap. This grain was charged by an electron beam with an energy tunable up to 10 keV. During this process, the grain charge is continuously monitored. If the grain is charged by an appropriate energetic electron beam, its charge (and the corresponding surface potential and surface electric field) is set to a value when the yield of secondary emission is equal to unity (crossover point). The investigations reveal that the energy corresponding to the crossover point changes proportionally to the grain potential. This effect was attributed to an increase of the yield of secondary emission due to a large electric field at the grain surface. Moreover, the measurement of the net current on the grain induced by electrons with the energy between first and second crossover points indicates similar increase of the yield.
Introduction
Secondary electron emission (SEE) has been investigated in many works [McKay, 1948] . It has been reported that among others the strong electric field can increase a secondary electron yield (SEY) from insulators and semiconductors [Jacobs, 1951] and it is often explained by an electron avalanche generated by the field inside the insulator [Jacobs et al., 1952; Yi et al., 2001] . There is correlation between work function and the SEY for various materials [Baroody, 1950] and also for different faces of the same crystal [Haas et al., 1977] . Therefore, it can be expected that the decrease of the work function (for example by the surface field) can increase the SEY.
Dust grains, small particles with sizes ranging from nanometers up to micrometers, can be found in space as well as in some laboratory plasma. Immersed in plasma environment, these grains are charged by various processes: collection of electrons and ions, photoemission, SEE and others. In environments, where significant amount of hot electrons exists, the SEE is an important process which determine the grain charge. Because of its small size, isolated dust grain charged to a moderate surface potential has a very high surface electric field which can affect the SEE process as suggested.
Moreover, the SEE plays an important role in laboratory experiments and applications. The SEE from small grains can exhibit properties, which could be hardly observable on large planar samples.
In this paper, we present our experimental study of the SEY from micron-sized amorphous carbon grains and of the influence of the surface field on the yield. We charge the grain to high potentials and we precisely determine the point, where the net current is zero, therefore, we were able to determine the exact values of the crossover energy for different grains and surface fields.
Experiment set-up
The single spherical dust grain was trapped in the quadrupole electrodynamic trap under UHV conditions (about 10 −7 Pa) [Cermak, 1994] . Hold in the center of the trap, the grain is isolated and its charge is determined only by the primary electron current flowing on the grain, SEY and possibly field emission. On the other hand, the primary electron current is affected by the grain surface potential. Figure 1 . Scheme of the experiment set-up. Charged grain is hold in the center of the trap. EG and IG are electron and ion gun, respectively. FC are Faraday cups for measurement and stabilization of the total current of each gun.
The grain motion inside the trap is observed and stabilized using the optical position sensitive detector and active electrical damping. From the motion equations of the grain in the trap, we can compute the grain mass-to-charge ratio from the known trap radius, R, the voltage, V eff , and frequency, f trap , of the trap power supply and the grain oscillation frequency, f grain :
This specific charge is the only quantity measured directly in the experiment, other methods, described in Pavlu et al. [2004] can be used to determine other grain parameters. The specific charge is measured continuously, therefore, when we know the grain mass, we can differentiate its charge with respect to the time and get the net current on the grain.
We can change the charging conditions using the electron gun with energy tunable from tens of electronvolts up to the 10 keV.
Samples
The experiments have been performed on spherical amorphous carbon grain samples produced by HTW Hochtemperatur-Werkstoffe. Their sizes are between 1 and 6 micrometers of diameter, mass density is 1500 kg/m 3 and specific electrical resistance 50 Ω · µm.
Determination of grain dimensions and its electrical properties

Specific capacitance
To determine the surface potential of the grain from its specific charge, we should know its specific capacitance, C s . If the negatively-charged grain is illuminated with the electrons with energy little higher than the surface potential, these electrons hit the grain with low energy and are mostly attached. The grain is then charged towards higher negative potentials. The charging stops when the surface potential of the grain reaches the electron gun voltage. At this moment, no more electrons can reach the grain. Knowing the gun energy, E gun , and the maximum specific charge reached, (Q/m) lim , the specific capacitance is
where e is the electron charge.
Grain radius
If we suppose the grain is spherical, its surface field can be computed from the surface potential, ϕ, using equation F = ϕ/r, where r is the grain radius. We know the capacitance of the sphere, which is 4πε 0 r, so we can express the radius using either the grain mass density (if known), ρ, or its mass, m, which can be measured [Pavlu et al., 2004] :
Grain cross-section
The grain is illuminated with the monochromatic and homogeneous electron beam approaching from one direction. Therefore, the angle of incidence changes over the grain surface. For a spherical and not charged grain, the distribution of the current over the angle of incidence is dI/dα = sin 2α.
When the grain charge grows toward the negative values, the cross-section for the electron impact decreases. For the surface potential, ϕ, the cross-section is
We would like to note that the cross-section changes with the grain potential, but the angular distribution of the incidence current over the sphere remains the same. Therefore, the grain charge does not affect the SEY due to its dependence on the angle of incidence.
Second crossover energy
The crossover energy is a point on the yield curve, which is relatively easy to determine in our experiment. Because the SEY equals unity, the net current on the grain is zero and the charge of the grain remains constant over the time. The significant advantage is that we don't need to know any of the primary beam parameters except its energy. Figure 2 . Scheme of the total yield dependence on primary energies around the second crossover energy.
Having the isolated negatively-charged grain and the fixed electron beam energy, the second crossover point is in a stable equilibrium. The electron beam approaching the grain is decelerated due to its surface potential, therefore its primary energy is only E = E gun − ϕe. If this energy differs from the crossover, the grain is charged or discharged to set this energy to be equal the crossover (see Fig. 2 ). If the primary energy is higher than the crossover one (E 2 ), the yield is lower than unity, the grain charges towards higher negative potentials and the primary energy decreases. If the primary energy is lower than the crossover energy, E 2 , the yield is higher than unity and the grain discharges and it leads to the increase of the primary energy.
Secondary emission yield
To measure the SEY, it is possible to determine the net current on the grain by differentiating its actual charge with respect to the time. The net current is given by:
where i is the beam current density, ϕ is the surface potential of the grain which depends on the grain charge and σ is the SEY at the energy E = E gun − ϕe. SEY can be easily determined from this expression. Figure 3 . The second crossover energy with respect to the surface field for different grain diameters.
Experimental estimation of the crossover energy
We have measured the crossover energy for various grain sizes. Changing the gun energy, it is possible to reach the crossover energy for various surface fields on the particle. Having the specific capacitance C s and radius r of the grain, gun energy E gun and stable grain specific charge (Q/m), we can compute the crossover energy and surface field:
The results show, that there is a significant linear dependence of the crossover energy on the surface potential for electric fields ranging from approx. 100 V/µm up to the field emission limit. This dependence is similar for different grain sizes (see Fig. 3 ). No correlation with the grain size has been observed. We suppose that small differences in a slope and offset can be attributed to the errors in determination of the surface field and to the effects of a long-time electron bombardment that will be discussed later.
We suggest that the increase of the second crossover energy with the surface field means that the SEY increases with the field, at least for primary energies close to the crossover energy. Figure 4 . Decreasing of the second crossover energy after few hours of a 2 keV electron bombardment (current in the order of 10 −15 A).
After few hours of continuous bombardment with 2 keV electrons (current on the grain of the order of 10 −15 A), the significant decrease of the crossover energy has been observed (Fig. 4) . This shift indicates the decrease of the yield. Similar effects of the electron bombardment have been reported by other authors [Le Pimpec et al., 2005] for planar oxidized samples. We have observed a very slow relaxation towards the situation before the bombardment with a characteristic time of tens of hours.
Measurement of the SEY
The time evolution of Q/m has been measured for a fixed gun energy (900 eV, 1000 eV, 1100 eV and 1200 eV). Starting with a difference between the surface potential and gun energy little under the first crossover energy, the grain is slightly charged up to the surface potential equal to the gun voltage. On the other hand, if the difference is higher than the first crossover energy, the grain starts to discharge. The discharging continues until either the second crossover is reached or the grain is totally discharged. First situation can occur only for high enough potentials when discharging starts. Differentiating the grain charge with respect to time, we get the time evolution of the net current. Dividing by the actual cross-section, we get the product of beam current density and SEY lowered by one. The value of the primary current density is the same during the whole measurement with the single gun energy, but it is unknown. We have to know an absolute yield at one non-crossover point to be able to properly scale the yield values.
Because of unknown primary current, we have tried to fit the universal yield curve over the measured data in order to estimate a proper scaling. We have chosen the curve suggested by Draine and Salpeter [1979] which is parametrized by maximum yield δ m , and primary energy of the yield maximum, E m . The actual yield δ for primary energy E is
We want to fit the universal curve over the set of measured data. Each set have been obtained with constant gun energy and constant primary current density, but the grain charge varied during the measurement as described before and the surface field varied too. We suppose there is a dependence of SEY on the surface field, therefore we should modify (7) before trying to fit the measured data. Since the exact physical mechanism of the influence of the surface electric field on the SEY is unknown and the field changes in a relatively narrow range during the experiment, we have used simple linear dependence δ m = δ m0 + C · F where δ m0 and C are arbitrary constants, and we have modified (7):
The equation (8) fits well on each set of the measured data. The fit provides a small positive value of C for all sets measured. Results for four different gun energies are shown in Table 1 . The fit of two curves is displayed in Fig. 5 . E gun = 900 eV E gun = 1200 eV Figure 5 . The SEY for two different gun energies and fitted universal curve (according to Draine and Salpeter [1979] ).
These results show that the maximum yield increases with the surface field and the energy of the yield maximum, E m probably decreases with the field increase. 
Conclusion
According to our measurement of the crossover energy, we suggest that the SEY of carbon grains increases with the surface field at least around the second crossover energy which is approximately 1.5 keV. The increase of the yield is proportional to the surface field and none dependence on the grain size have been observed. Measurements over the whole SEY curve depend on the ability to calibrate the primary electron current on the grain. We have fitted the universal Draine and Salpeter curve on measured data. From results of this fit, we can estimate the proper scaling of the SEY data. The preliminary results show, that with an increasing field, the SEY profile can be described with an universal curve with the higher maximum yield, δ m . Our results suggests a shift of E m , but further measurements should be done to prove this effect. We should point out that all measurements except the one presented in Fig. 4 were carried out using very small dose of bombardment in order to avoid the conditioning effects of the electron beam [Le Pimpec et al., 2005] .
